Al-2.5%Mg alloy (A5052) sheets were processed by accumulative roll bonding (ARB) for 1 to 7 cycles (equivalent strains from 0.8 to 5.6) at room temperature. The sheets processed by ARB for 7 cycles were then annealed isochronally for 30 min at temperatures in the range from 100°C to 400°C. Interestingly, it was found that the specimen annealed at 200°C followed by 7 cycles of ARB had the same level of yield stress (about 320 MPa) but a larger uniform elongation than the specimen processed by 3 cycles of ARB. The improvement in uniform elongation by low-temperature annealing is discussed in terms of the mechanism that the evolution of dislocation substructures inside ultra-fine grains causes plastic instability at a very early stage of the tensile test. Hardening by annealing was also observed in the specimen annealed at 100°C followed by 7 cycles of ARB.
Introduction
Accumulative roll bonding (ARB) is a severe plastic deformation method, and is capable of producing plates of large dimensions.
1) ARB-processed materials with a grain size below 1 µm have extremely high strength in tensile tests but relatively low ductility, in particular, low uniform elongation. Therefore, as-ARB-processed materials show a fracture at a very early stage of tensile tests, following to macroscopic necking. 2, 3) In ARB-processed materials annealed at various temperatures, the uniform elongation recovers as deformed structures are removed and the grain size increases during annealing. Total elongation can become more than 10%, if the recrystallized grains larger than 1 µm having equiaxed morphologies and free from dislocations are formed. 4, 5) Since Al-Mg alloys, which are non-heat-treatable aluminum alloys, are generally strengthened by solid solution hardening and work hardening (dislocation strengthening), there is a great interest in hardening by ARB and softening by annealing. There are several reports on the mechanical properties of ARB-processed Al-Mg alloys. For example, Tsuji et al. investigated the occurrence of super-plasticity in A5083 Al-Mg alloy, processed by ARB to an equivalent strain of 4.0 at 200°C, then deformed under tension at temperatures in the range from 200°C to 400°C. 6) Toroghinejad et al. examined the structure, strength and ductility of A5083 Al-Mg alloy processed by ARB to an equivalent strain of 4.8 at room temperature. 7) However, there are few reports on the tensile properties of annealed Al-Mg alloys that were ARB-processed at room temperature.
The aim of the present study is to clarify the relationship between tensile properties and microstructure during annealing in an Al-2.5%Mg alloy (A5052) deformed by ARB at room temperature.
Experimental Procedures
The starting material used in this study is a commercial A5052 alloy. The chemical composition is shown in Table 1 . A5052 plates with dimensions of 0.5 mm in thickness, 120 mm in length and 30 mm in width were fully annealed at 345°C for 30 min. The average grain size after annealing was 12.8 µm.
ARB was carried out at room temperature using a two-high rolling mill; the roll diameter was 70 mm and the peripheral speed was 100 mm·s
¹1
. After degreasing and wire-brushing the contact surfaces, two sheets were stacked (1 mm overall), and then roll-bonded to 50% reduction in thickness (equivalent strain of 0.8) without use of lubricant. The bonded sheet was cooled in water immediately after rolling. This process is denoted as 1 cycle of ARB. In this study, the ARB process was repeated up to 7 cycles. The number of ARB cycles, total reduction in thickness, and equivalent strain are shown in Table 2 .
Specimens for tensile tests were cut from the ARBprocessed sheets after 1, 3, 5, and 7 cycles using an electric discharge apparatus. These specimens were denoted as specimens 1c, 3c, 5c, and 7c, respectively. The specimen cut from a fully annealed starting sheet was called specimen 0c. The tensile specimens had a gage length of 10 mm and a width of 5 mm. The tensile axis of the specimen at room temperature, and tensile strain was measured by an extensometer. Two tensile tests were carried out for each specimen condition. Specimen 7c was subjected to isochronal annealing treatments for 30 min at temperatures in the range from 100°C to 400°C (50°C steps). Vickers hardness tests were carried out on a rolling plane under a load of 0.98 N. Hardness was measured randomly at five points, and then the mean hardness value was calculated. The specimens annealed at 100°C, 200°C, and 300°C were used for the tensile tests, and were called specimens 7c-100, 7c-200, and 7c-300, respectively. The tensile tests were performed under the same conditions as described above.
To examine the relationship between tensile properties and microstructures, specimens 3c and 7c-200 were examined by electron backscatter diffraction (EBSD), using a fieldemission scanning electron microscope (FE-SEM). The microstructure was observed in the mid-thickness area on a longitudinal section normal to the transverse direction of the sheet. The step size for EBSD was 40 nm. The present study regards boundaries having misorientation larger than 15°as high angle boundaries. Figure 1 shows the stress-strain curves of the as-ARBprocessed specimens 0c to 7c. The curves indicated that the flow stress increased and the total elongation decreased with increasing strain. The stress-strain curves of the specimens 7c-100, 7c-200, and 7c-300 are also shown. It is interesting that yielding behavior changes from continuous one in the specimen 0c to more discontinuous one having a slight yielddrop in the specimen 7c-300. Figure 2 shows the ultimate tensile strength (· B ), 0.2% proof stress (yield stress, · 0.2 ), total elongation (e t ), and uniform elongation (e u ). With the first ARB cycle, the uniform and total elongations decrease abruptly, and then decrease gradually with further ARB cycles. The yield stress is 107 MPa and 405 MPa in the specimens 0c and 7c, respectively. The ultimate tensile strength for the specimens 0c and 7c are 210 MPa and 422 MPa, respectively. With 7 cycles of ARB (an equivalent strain of 5.6), the as-ARBprocessed A5052 alloy shows the yield stress 3.8 times higher than that of the fully annealed specimen 0c and the ultimate tensile strength 2 times higher than the specimen 0c. The tendency shown in Fig. 2 agrees well with the ultimate tensile strength and total elongation in the ARB-processed A1100 aluminum previously reported.
Results
2) Figure 3 shows the change in hardness for the 7c specimens annealed for 30 min at temperatures in the range from 100°C to 400°C. Hardness increases at 100°C, then decreases with increasing the annealing temperature. The curve indicates that recrystallization is almost completed at 300°C.
Here, the strength and elongation of the as-ARB-processed specimens are compared with those of the ARB-processed and annealed specimens. In Fig. 1 , the specimen 7c-100 (asannealed one) has the higher ultimate tensile strength than the specimen 7c (as-ARB-processed). In addition, in Fig. 3 , the hardness of the specimen 7c-100 is greater than that of the specimen 7c. These results suggest that hardening by annealing, which was reported by Huang et al., 8) occurred in the specimen 7c-100. To verify the effect of annealing on strength and ductility, the relationship between the yield stress and uniform elongation in the as-ARB-processed specimens and the annealed specimens is shown in Fig. 4 . The yield stress of the specimens 3c and 7c-200 is 325 MPa and 327 MPa, respectively, while the uniform elongation is 1.4% in the specimen 3c and 3.7% in the specimen 7c-200. Comparing the uniform elongation of the specimen 7c-200 with that of the specimen 3c having the same level of the yield stress, it is obvious that the ductility of the specimen 7c-200 was improved by low-temperature annealing at 200°C. We will focus on how the microstructures in the specimens 3c and 7c-200 lead to the same level of yield stress, but produce a difference in uniform elongation. Figure 5 shows high angle boundary maps obtained by EBSD analysis, depicting boundaries with misorientation larger than 15°by black solid lines. The specimen 3c possesses the microstructure in which original grains are elongated along RD. Finer grains are partly formed probably by grain subdivision mechanism during the ARB.
9) The microstructure of the specimen 7c-200 shows ultra-fine and pancake-shaped grains. Recrystallization has not yet occurred. The average boundary spacing (d ND ) along the normal direction (ND) was measured by an intersection method. The boundary spacing is 0.65 µm in the specimen 3c and 0.29 µm in the specimen 7c-200. Taylor factor M calculated from the EBSD data was 3.17 for the specimen 3c and 3.28 for the specimen 7c-200.
Discussions
The mechanical properties of the specimen annealed at 200°C following to 7 cycles of ARB (specimen 7c-200) were compared with those of the specimen processed by 3 ARB cycles (specimen 3c, as-ARB-processed). The specimen 7c-200 had almost the same yield stress as the specimen 3c (about 320 MPa). On the other hand, the uniform elongation of the specimen 7c-200 was larger than that of the specimen 3c.
In general, ARB-processed materials have extremely high strength. However, their uniform elongation is low because macroscopic necking occurs at a very early stage of tensile tests.
2,3) Ultra-fine grained structure developed during ARB processing contains dislocation substructures inside the ultrafine grains, so that not only grain boundary strengthening but also dislocation strengthening should be considered in evaluating the strength of such materials. Tsuji et al. pointed out that the existence of dislocation substructures inside ultrafine grains increases the flow stress of materials, but rather decreases the work hardening rate (d·/d¾). 4) When work hardening is suppressed, plastic instability takes place at an early stage of tensile tests and limits uniform elongation to a low value.
Based on the Hall-Petch equation, the effect of grain boundary strengthening for the specimens 3c and 7c-200 is evaluated. The relationship between the yield stress · 0.2 and the grain size d is given by the following Hall-Petch equation, 10, 11) 
where · 0 is the friction stress, and k is the Hall-Petch slope. Furukawa et al. reported that these coefficients are · 0 = 62 MPa and k = 0.149 MPa·m 1/2 for the ultra-fine grained Al3%Mg alloy processed by equal-channel angular pressing. 12) The microstructures of the specimen 3c and specimen 7c-200 shown in Fig. 5 consisted of fine grains elongated along RD. The aspect ratios of the grains (d RD /d ND ), where d RD and d ND were the average high-angle boundary spacings along RD and ND, respectively, were more than 10. It is difficult to translate grains with very high aspect ratios into the spherical grain sizes as used in eq. (1). In addition, since the tensile axis of the specimens is parallel to RD of the sheet, the effect of d ND on the yield stress is stronger than that of d RD . Therefore, in this study, d ND is conventionally used as the grain size d in eq. (1) . Table 3 shows the yield stresses calculated from eq. (1) and those actually measured in the tensile tests for the specimen 3c and the specimen 7c-200. The calculated yield stress is 246.8 MPa for the specimen 3c and 338.7 MPa for the specimen 7c-200. That is, the calculated value for specimen 3c is lower by ¦· 0.2 = 91.9 MPa. The tensile tests showed the almost identical yield stresses for the specimens 3c and 7c-200, as also shown in Table 3 . However, in the calculations using eq. (1), the yield stress of the as-ARB-processed specimen (3c) was lower than that of the as-annealed specimen (7c-200). This means that the predicted difference of the yield stress (i.e. ¦· 0.2 = 91.9 MPa) is attributable to the difference in dislocation strengthening between the specimen 3c and the specimen 7c-200.
According to Kamikawa et al., the yield stress of ARBprocessed materials is expressed by the following equation,
where µ 0 is the dislocation density within ultrafine grains and µ dis is the dislocation density stored in low-angle dislocation boundaries. The sum of these two dislocation densities contributes to dislocation strengthening. M is the Taylor factor (M = 3.06 in random texture, M = 3.17 for the specimen 3c), ¡ is a constant (¡ = 0.24), G is the shear modulus (G = 26 GPa), and b is the magnitude of the Burgers vector (b = 0.286 nm). The relative difference in dislocation strengthening, corresponding to ¦(µ 0 + µ dis ), is calculated from eq. (2), using the difference of the yield stress (¦· 0.2 = 91.9 MPa) obtained from eq. (1). The value of ¦(µ 0 + µ dis ) for the specimen 3c is estimated at 2.64 © 10 14 m ¹2 . In this study, no direct observation of dislocation substructure was carried out. However, based on the comparison between the measured and calculated yield stresses, it is obvious that the effect of dislocation strengthening is greater in the specimen 3c than in the specimen 7c-200.
The larger uniform elongation for the specimen 7c-200 than for the specimen 3c can be explained using the occurrence of plastic instability, caused by the evolution of a dislocation substructure inside ultra-fine grains. 4) If the dislocation substructures that limit further work-hardening disappear in low-temperature annealing, the ductility would be improved, like that in the specimen 7c-200. The present result indicates that the improvement of ductility can be expected not only in the materials consisting of fully recrystallized equiaxed grains larger than 1 µm, as has been reported in previous studies, 4, 5) but also in the materials exhibiting highly elongated grains having boundary spacing less than 1 µm, as shown in this study.
Finally, we estimate the value of µ 0 + µ dis in eq. (2) for the specimen 7c-200 under the assumption that by the annealing at 200°C, thermally unstable dislocations introduced by deformation move and disappear or rearrange to form lowangle dislocation boundaries, which are incorporated into a part of the low dislocation density (µ dis ). Figure 6 shows a low and high angle boundary map for the specimen 7c-200 (the step size is 10 nm). Low angle boundaries with misorientation from 2°to 15°and high angle boundaries larger than 15°are depicted by red and black lines, respectively. The length of low angle boundaries was 165.7 µm in the observation area of 25 µm 2 . Since EBSD patterns are taken within the depth of 40 nm from the specimen surface, 14) µ dis is estimated at 1.66 © 10 14 m ¹2 . This value corresponds to 75.4 MPa in stress, based on eq. (2), (¡ = 0.24, G = 26 GPa, b = 0.286 nm, and M = 3.28). Consequently, the sum of stresses for the specimen 7c-200, including the friction stress and the Hall-Petch stress, becomes 414.1 MPa; it was larger than the measured yield stress (327 MPa in Table 3 ). This difference may be ascribed to two factors. First, the present study used Al-2.5%Mg alloy, whereas Furukawa et al. used Al-3%Mg alloy; 12) this overestimates the value of · 0 for the present calculation, due to the effect of solute concentration. Second, the boundary spacing along ND (d ND ) is used as the grain size (d) for the present calculation, and the grain size is underestimated than the actual grain size in the microstructure heavily elongated along RD (Fig. 5) . That is, it was found that ductility of the ARB processed material could be improved by low-temperature annealing at 200°C, even though the elongated lamellar structures having boundary spacing less than 1 µm were maintained. (3) The improvement in the uniform elongation by lowtemperature annealing could be explained using the mechanism that low-temperature annealing suppressed the early plastic instability. (4) The occurrence of hardening by annealing 8) was confirmed in the specimen annealed at 100°C after 7 cycles of ARB.
Conclusions

